Paclitaxel loaded silk fibroin/PLLA-PEG-PLLA (PTX-SF/PLLA-PEG-PLLA) nanoparticles with a mean particle size of about 651 nm were fabricated successfully by the SEDS process. Fourier transform infrared (FTIR) spectroscopy analysis indicated that the PTX was encapsulated by SF/PLLA-PEG-PLLA nanoparticles. X-ray powder diffraction (XRPD) analysis supported the results of FTIR analysis and also suggested that the crystalline state of PTX was decreased obviously. Furthermore, the UV-Vis/HPLC analysis showed that drug load (DL) and encapsulation efficiency (EE) were 18.1% and 90.2%, respectively. The in vitro drug release experiment suggested that the PTX-SF/PLLA-PEG-PLLA nanoparticles exhibited a sustained release and only 16.1% and 24.5% of paclitaxel were released at pH 7.4 and 6.0, respectively, in one week. The PTX-SF/PLLA-PEG-PLLA nanoparticles drug delivery system with pH-dependent release property has potential application in the field of tumor therapy.
Introduction
Paclitaxel (PTX), a mitotic inhibitor used in cancer chemotherapy, has exhibited its potency against many kinds of cancers, including advanced ovarian, lung, and breast cancers [1, 2] . The anticancer mechanism of PTX involves binding to microtubules, forming dysfunctional microtubules, and thus resulting in cell death [3] . However, its poor solubility in water drastically limits its clinical application in its natural form. To enhance drug solubility, paclitaxel is commercially formulated at 6 mg/mL in a vehicle composed of 1 : 1 blend of Cremophor EL and ethanol to make Taxol. Unfortunately, Cremophor EL is toxic and can cause severe sideeffects, including hypersensitivity reactions, nephrotoxicity, and neurotoxicity [4, 5] . Also, the anticancer drug cannot be selectively accumulated into tumors tissues. The nonspecific distribution will reduce bioavailability and therapeutic efficiency of the anticancer drug because the drug spreads randomly during systemic circulation and effects cells (healthy or tumor cells) indiscriminately [6] .
In order to improve the therapeutic efficacy of PTX and reduce side-effects, many researchers have developed alternative drug delivery systems, including parenteral emulsions, liposomes, and nanoparticles [7] [8] [9] [10] . Among them, polymer nanoparticle drug delivery systems have attracted much attention owing to high bioavailability and sustained drug release characteristics [11, 12] . Besides, it enables many different routes of drug administration, including injection, transdermal absorption, and oral application and inhalation. In particular, nanoparticles can extravasate into the tumor tissue via the leaky vessels surrounding tumors and then preferentially accumulate in solid tumors due to the enhanced permeation and retention (EPR) effect [13] .
Suitable polymer should not only be biodegradable in response to biological condition but also exhibit excellent biocompatibility in human body. Biodegradable polymer can 2 Journal of Nanomaterials be divided into natural and synthetic biodegradable polymer. Natural biodegradable polymer such as silk fibroin (SF) has been widely used in biomedical fields owing to its unique properties, including good biocompatibility, biodegradability, and low inflammatory response [14] [15] [16] . Recently, SF nanoparticles have been utilized to load anticancer drug PTX [17, 18] . However, natural polymer suffers from the high natural variability and the difficulties in processing.
Synthetic biodegradable polymers such as poly(L,Llactide) and its copolymers with polyethylene glycol (PEG) with precise chemical composition can overcome the disadvantages of silk fibroin above and are more easily designed for specific application, such as controlled rates of dissolution, permeability, degradation, and erosion [19] [20] [21] [22] . Therefore, it has been commonly used as drug carrier in biomedical fields. However, the main disadvantage of these synthetic polymers is undesirable biological responses to cells owing to high crystallinity, strong hydrophobicity, and lack of bioactive functions [23] .
The combination of a synthetic polymer with natural polymer especially silk fibroin can overcome their disadvantages and is an effective strategy to fabricate novel nanoparticles as carrier for PTX with the desired physical and chemical properties, mechanical strength, and biological responses. Most importantly, silk fibroin has many bioactive groups, which can provide sites for conjugating with tumor-specific ligands to achieve tumor-targeted drug delivery.
In our previous study, natural silk fibroin (SF) has been used to modify synthetic poly(l-lactide)-poly(ethylene glycol)-poly(l-lactide) (PLLA-PEG-PLLA) to obtain SF/ PLLA-PEG-PLLA composite nanoparticles prepared via solution-enhanced dispersion by supercritical CO 2 (SEDS) [23] . In the SEDS process, the supercritical CO 2 (scCO 2 ) acts as antisolvent. In addition, the high velocity of the scCO 2 breaks up the polymer solution into very small droplets and enhances mass transfer between the scCO 2 and the droplets, instantaneously, resulting in phase separation and supersaturation of the polymer solution, thus leading to nucleation and precipitation of the polymer particle [24] [25] [26] . The incorporation of silk fibroin into the PLLA-PEG-PLLA nanoparticles improved biocompatibility and provided chemical modification. Moreover, the SF/PLLA-PEG-PLLA nanoparticles could be internalized by cells effectively [23] . Therefore, using the silk fibroin/PLLA-PEG-PLLA nanoparticles to load drugs and form a nanoparticle drug delivery system may be a potential application in the field of biomedical engineering.
In this study, the SEDS process was used to prepare a PTX loaded SF/PLLA-PEG-PLLA (PTX-SF/PLLA-PEG-PLLA) nanoparticles delivery system. The surface morphology, physical and chemical properties, drug load, encapsulation efficiency, and in vitro drug release properties of PTX-SF/PLLA-PEG-PLLA nanoparticles were measured. 
Materials and Methods

Materials. Paclitaxel (PTX) was purchased from the
Methods
Preparation of SF/PLLA-PEG-PLLA Nanoparticles and PTX Loaded SF/PLLA-PEG-PLLA Nanoparticles by the SEDS
Process. The SF/PLLA-PEG-PLLA composite nanoparticles can be prepared by the SEDS process given in [23] . For the preparation of PTX loaded SF/PLLA-PEG-PLLA (PTX-SF/PLLA-PEG-PLLA) composite nanoparticles, the method was described as follows. Briefly, PTX and PLLA-PEG-PLLA were dissolved in dichloromethane (DCM) solution together. Then water insoluble silk fibroin nanoparticles were dispersed into DCM solution to form suspension (for weight, PTX : silk fibroin nanoparticles : PLLA-PEG-PLLA = 5 : 4 : 16), and the final solution concentration of PTX-SF/ PLLA-PEG-PLLA was 0.5% (w/v). Figure 1 shows a schematic diagram of the SEDS apparatus for preparation of the PTX-SF/PLLA-PEG-PLLA nanoparticles, which consists of three major components: a CO 2 supply system, a particle suspension delivery system and a high pressure vessel. In the particle suspension delivery system, an "injector" was made from a stainless steel cylinder and a piston with an O-ring seal. Using a SEDS process, when the desired pressure and temperature were stabilized, the suspension was injected through a stainless steel coaxial nozzle into the high-pressure vessel. The pressure, temperature, the flow rates of supercritical CO 2 , and the flow rates of suspension were kept at 10 MPa, 35 ∘ C; 25 NL⋅h −1 , and 0.5 mL⋅min −1 , respectively.
Surface Morphology and Particle Size Distribution.
The surface morphology of samples was visualized by a field emission scanning electron microscopy (FE-SEM, JEOL, JSM-6490, Japan). Before analysis, samples were attached onto a carbon paint and then placed on an aluminum sample holder. The samples were made conductive by sputtering a thin layer of gold onto their surface. The particle size (PS) and particle size distribution (PSD) of PTX-SF/PLLA-PEG-PLLA nanoparticles dispersed in ethanol by sonication were measured by a laser diffraction particle size analyzer with a liquid module (LS 13320, Beckman Coulter, USA).
FTIR Analysis.
The samples were combination with potassium bromide. Then the mixtures of the samples and potassium bromide were pressed into a transparent tablet. The FTIR spectra for the samples were recorded on an FTIR Perkin Elmer 1720 (Perkin Elmer, USA) in the transmission mode with the wave number ranging from 4,000 to 400 cm −1 .
XRPD Analysis.
Powder X-ray diffraction (XRPD) was performed by an X-ray diffractometer with a Cu K ( = 1.5405Å) radiation (D8 Advance, Bruker AXS, Germany).
The measurement was carried out in a 2 range of 5∼45 ∘ with 0.02 ∘ step size and 10 ∘ min −1 scan speed with a 2D detector at 40 kV and 40 mA.
Drug Load (DL) and Encapsulation Efficiency (EE).
The contents of PTX were analyzed by UV-Vis/HPLC (Waters 1100) system with the following conditions: stationary phase: reverse-phase column (4.6 mm × Aligent Eclipse XDB-C18, 4.6 mm × 250 mm internal diameter, pore size 5 m); mobile phase: mixture of acetonitrile and water (50 : 50 v/v); elution flow rate: 1 mL/min; detection wavelength: 227 nm. All the solvent and distilled water used for aqueous solutions and buffer should be filtered via a 0.22 m membrane filter before use. The content of PTX in the samples was measured based on the peak area at the retention time. A calibration curve of standard PTX dissolving in mixture of acetonitrile and water (50 : 50 v/v) was utilized to calculate the content of PTX in the samples. All the samples were conducted in triplicate.
The actual content of paclitaxel (PTX) in PTX-SF/PLLA-PEG-PLLA nanoparticles can be determined by dissolving PTX-SF/PLLA-PEG-PLLA nanoparticles (3.0 mg accurately weighed) in 1 mL of DCM, and then 3 mL of an acetonitrile/water (50 : 50 v/v) mixture was added. After being completely mixed, the solution was filtered and then a nitrogen stream was introduced to volatilize DCM under stirring at room temperature until a clear solution was obtained. The clear solution was put into a vial for UV-Vis/HPLC assay according to calibration curve. The theoretical drug content, the actual drug load, and encapsulation efficiency were calculated by (1), (2) , and (3), respectively. Each experiment was carried out in independent triplicate:
Encapsulation efficiency = 
1 is the weight of theoretical PTX in the PTX-SF/PLLA-PEG-PLLA nanoparticles; 2 is the gross weight of the PTX-SF/PLLA-PEG-PLLA nanoparticles; 3 is the weight of the actual PTX encapsulated in the PTX-SF/PLLA-PEG-PLLA nanoparticles.
In Vitro Drug
Release. Approximately 2 mg of PTX-SF/PLLA-PEG-PLLA nanoparticles was put into the pretreated dialysis bag, and then the bag was placed into a bottle with 100 mL of PBS (pH 7.4) and incubated in a water-bath shaker at 37 ∘ C and 60 rpm. Ten milliliters of solution was periodically removed and replaced by fresh PBS (pH 7.4). The released drug was analyzed by UV-Vis/HPLC assay. As a control, an in vitro drug release experiment using free drug (of equivalent weight to that in the drug-loaded nanoparticles) was performed in similar conditions. The in vitro drug release curves were drawn based on the cumulative release percentage of PTX (%, w/w) in PBS solution over long periods of time. . Figures 2(a) and 2(b) show the FE-SEM photographs of SF/PLLA-PEG-PLLA and PTX-SF/PLLA-PEG-PLLA nanoparticles obtained by the SEDS process, respectively. The particle size distribution of the PTX-SF/PLLA-PEG-PLLA nanoparticles is shown in Figure 3 . According to our previous study, the SF/PLLA-PEG-PLLA nanoparticles exhibit a composite structure with mean particle size of 634 nm and silk fibroin wrapped with PLLA-PEG-PLLA triblock polymer [23] . According to Figures 2(b) and 3, the PTX-SF/PLLA-PEG-PLLA nanoparticles possess a spherical shape with a mean particle size of about 651 nm and particle size distribution is 0.635. It suggested that the SEDS process is an effective method to prepare SF/PLLA-PEG-PLLA and PTX-SF/PLLA-PEG-PLLA nanoparticles. the C=O stretching in PLLA-PEG-PLLA. The characteristic peak of amide II at 1520 cm −1 is assigned to the -sheet of silk fibroin. The major characteristic absorption peak of C-C stretching is shown for crystalline PTX at 709 cm −1 . After the SEDS process, the main peaks (709 cm −1 ) appear at the same position compared with the physical mixtures, which suggests that the resulting products contain PTX. The presence of the peak at 1024 cm −1 further demonstrates that PTX has been encapsulated by SF/PLLA-PEG-PLLA nanoparticles successfully.
Results and Discussion
Surface Morphology and Structure of PTX-SF/PLLA-PEG-PLLA Nanoparticles
FTIR Analysis.
XRPD Analysis.
To investigate the physical state of the drug-loaded polymer nanoparticles prepared by the SEDS process, XRPD analysis was performed on the drug-loaded polymer nanoparticles. ∘ can still be observed in the XRD patterns. This indicated that the SEDS process reduces the crystallinity of PTX obviously.
Drug Load (DL) and Encapsulation Efficiency (EE)
. DL and EE are two kinds of important parameters to determine the drug loading properties of nanoparticles. In the present study, the theoretical weight ratio of drug to polymer was selected as 1 : 4 (i.e., theoretical DL of 20%). The results of HPLC assay indicate the DL and EE are 18.1% and 90.2%, respectively. Many researchers have studied preparation of PTX loaded polymer nanoparticles by supercritical antisolvent process. Kang et al. prepared PTX-PLLA microparticles and found the theoretical DL and DL and EE of PTX-PLLA microparticles were 20%, 14.33%, and 62.68%, respectively [27] . Lee et al. also obtain PTX-PLLA particles. The results indicated that when the theoretical DL ranges from 3% to 10%, DD and EE are 1.98∼7.87% and 59.3%∼78.7%, respectively [28] . Li et al. studied the effect of process parameters on coprecipitation of PTX and PLLA by supercritical antisolvent process and found that DL was influenced by different process parameters such as solvent, the concentration of solute, and flow rate of solution [29] . Besides, Ouyang et al. fabricated the PTX-PLA-PEG-PLA microparticles by similar technique. When theoretical DL is 20%, DL ranges from 5.1% to 7.1% for different PEG contents, and EE ranges from 25.5% to 35.5% [30] . The different DL and EE may result from the different precipitation kinetics of the drug and polymer in the supercritical antisolvent process [27, 30] . Further studies are demanded to explore the actual reason. As nearly all the drug is loaded on the SF/PLLA-PEG-PLLA nanoparticles, it would be commercially attractive.
In Vitro Drug
Release. In terms of the unique microenvironment surrounding tumor cells, in which the average extracellular pH value in tumors is between 6.0 and 7.0, however, the extracellular pH value in normal tissues is about 7.4. The in vitro release profile of PTX from nanoparticles was studied in different pH conditions (pH 6.0 and 7.4). Figure 6 shows the in vitro release profile of PTX from PTX loaded SF/PLLA-PEG-PLLA (PTX-SF/PLLA-PEG-PLLA) nanoparticles in PBS buffer (pH 6.0 and 7.4). As shown in Figure 5 , the drug release in PBS buffer (pH 7.4) was slower than that in PBS buffer (pH 6.0). And 16.1% and 24.5% of paclitaxel were released at pH 7.4 and 6.0, respectively, in one week. Therefore, there was no burst effect and PTX can be released in a controlled way from SF/PLLA-PEG-PLLA nanoparticles. Furthermore, nanoencapsulation of PTX by SF/PLLA-PEG-PLLA nanoparticles could improve the solubility of PTX.
The faster release of PTX from the PTX-SF/PLLA-PEG-PLLA nanoparticles at lower pH conditions results from two possible reasons. One is that lower pH may cause faster degradation of SF/PLLA-PEG-PLLA polymer. The other is that the amino group of the drug could be protonated at lower pH condition. This pH-dependent release property may be beneficial for tumor treatment [31, 32] . It is likely that the release of PTX from SF/PLLA-PEG-PLLA nanoparticles within healthy physiological pH levels (pH 7.4) is slow, sustained, and relatively suppressed during systemic circulation. When SF/PLLA-PEG-PLLA nanoparticles were delivered into the location of solid tumor, an enhanced release of PTX from nanoparticles could be triggered by the mildly acidic tumor microenvironment (pH 6.0) to ensure that the intracellular drug concentration reaches the therapeutic dose.
Therefore, pH-dependent release property may decrease the side-effect of PTX to healthy cells owing to relatively low PTX concentration and enhance the therapeutic efficiency against tumor cells.
Conclusions
PTX-SF/PLLA-PEG-PLLA nanoparticles with mean particle size of 651 nm were prepared by the SEDS process successfully. FTIR and XRPD analysis indicated PTX was encapsulated by SF/PLLA-PEG-PLLA nanoparticles. Furthermore, the PTX became more amorphous after the SEDS process. The PTX-SF/PLLA-PEG-PLLA nanoparticles exhibited a controlled drug release. In particular the drug release rate in PBS solution could be accelerated with decrease of pH value from 7.4 to 6.0. This pH-dependent release property may decrease the side-effect of PTX to healthy cells and enhance the therapeutic efficiency against tumor cells due to the acidic tumor microenvironment. In terms of these characteristics, PTX-SF/PLLA-PEG-PLLA nanoparticles have potential application in the field of tumor therapy.
